DISCUSSION ON POISONING WITH ANTICHOLINESTERASES Mr. R. Holmes:
those due to the action of the drug on the central nervous system. I shall discuss these two groups separately and then co-ordinate them in considering the cause of death from acute poisoning in experimental animals. The anticholinesterases used are the well-known TEPP, DFP and E600 (paraoxon), and Sarin and Tabun, which have been described by Holmstedt (1951) .
Most of the peripheral effects of these drugs are due to the potentiation of post-ganglionic parasympathetic activity as a result of the nondestruction of acetylcholine at the effector cells. Thus miosis, salivation, rhinorrhoea and lacrimation result from anticholinesterase poisoning. Bronchoconstriction occurs, as a result of potentiated vagal activity, and is accompanied by increased secretion in the trachea and bronchi. Some bronchoconstriction also occurs in the poisoned vagotomized animal. The heart is slowed as a result of the continued presence of acetylcholine at the vagal endings, the effect being very much reduced if both vagi are cut before poisoning, thus removing the normal tonic discharge. Peristalsis is markedly increased with spasm of the small intestine, and defaecation and micturition often occur. Sweating results in these animals with cholinergic sweat glands. One of the most important peripheral actions of the anticholinesterases is the occurrence of neuromuscular block of the Wedensky type (Wedensky, 1885) , that is, the inability of the muscle to maintain a tetanus from indirect stimulation although the response to single shock stimulation of the nerve or direct tetanic stimulation of the muscle remains. Douglas and Matthews (1952) have studied in detail the neuromuscular block of the diaphragm resulting from TEPP poisoning in cats.
Turning to the central nervous effects of these anticholinesterases one of the most striking effects of poisoning is the violent convulsions which occur. Wescoe, Green, Macnamara, and Krop (1948) have shown that DFP produces convulsive EEG patterns (increased discharge frequency at low voltage) in curarized cats and monkeys. Chennels, Floyd and Wright (1949) have investigated myographically the action of TEPP on spinal cord reflexes. They found that TEPP facilitates various reflexes (knee-jerk, flexor, and crossed extensor) and induces convulsions.
The effects were due to a direct action of the drug on the central nervous system. I have found that in cats, intravenous injection of Sarin 200 pg./kg. abolishes the monosynaptic spike of the ventral root response to maximal stimulation of the dorsal root within about 20 seconds. This is followed by the inhibition of the polysynaptic spikes. Holmstedt and Skoglund (Skoglund, 1953) have obtained the same result with intra-arterial injection of 5 to 10 pg. of Tabun. They found, however, that DFP increases both the monosynaptic and polysynaptic reflex spikes.
The central action of the anticholinesterases which is of most significance in acute poisoning is the effect on the respiratory centre. Records of the nerve impulses in the upper root of the right phrenic nerve of a rabbit show that after 40 pg./kg. of Sarin intravenously, there is a gradual reduction in the impulse traffic which ceases completely 30 or 40 seconds from the injection. The interpretation of this action on the respiratory centre is not at all clear and, as with other central effects, depends on one's view of the role of acetylcholine in the central nervous system. The possibility that the effect is due to some reflex or reflexes from the periphery is ruled out since respiratory inhibition is obtained by intra-cisternal or intra-vertebral artery injection of the anticholinesterase (Wilson 1952, personal communication) . It was thought that the inhibition of respiration might be due to repetitive discharge of the central vagal cells assuming these to be cholinergic, but no increase in discharge was found in the vagus nerve at the time of failure of the phrenic discharge. There were, however, massive discharges down the vagus after inspiration had stopped, and in the monkey these coincided with forced expirations. The timing of these discharges suggests that increased activity of the expiratory centre is the result, not the cause, of inhibition of the inspiratory centre.
OCT.-EXPER. MED. I The actions of the organo-phosphorus anticholinesterases which have been described can be observed in experimental work in general, but there are very large species differences in the severity of the various effects. Turning to acute anticholinesterase poisoning in the anesthetized rabbit, cat and monkey, the inhibition of respiration is, in all cases, the cause of death. The circulation is impaired, but death is never due primarily to circulatory failure.
There are three important ways in which the anticholinesterases can affect respiration: by causing neuromuscular block of the respiratory muscles, bronchoconstriction and a direct inhibition of the central respiratory mechanism. In the rabbit, the bronchoconstriction is not usually severe; it does not reach its maximum until two minutes after the intrAvenous injection of 40 lAg./kg!. Sarin and then the tidal air was only 40% of normal (de Candole, Douglas and Spencer 1950, personal communication) . A record of the diaphragm contractions in response to repetitive tetanic stimulation of the phrenic nerve shows that neuromuscular block occurs rapidly after anticholinesterase poisoning and this, in the past, led to the conclugion that d-eath was due to asphyxia resulting from paralysis of the respiratory muscles. However, if the uncut phrenic nerve is placed on electrodes and the nerve is stimulated immediately after the spontaneous diaphragm contractions have stopped as a result of the injection of 40 ug./kg. Sarin, the diaphragm still responds with a tetanus. Records of phrenic nerve impulses show that the failure of the spontaneous diaphragm contractions is due to a gradual reductionand finally a cessation of phrenic impulses. The dose given is important here, since with a slightly smaller dose of Sarin, 30 pg./kg., the central inhibition is not quite so rapid, and developing neuromuscular block causes a transient stimulation of the respiratory centre before it is completely inhibited (Daly and Wright 1953, personal communication) . With E600 1-5 mg./kg. and TEPP 250 pg./kg., the rate of inhibition of the respiratory centre is somewhat slower than with Sarin, thus after the intravenous-injection of 250 ,lg./kg. TEPP to a fabbit, the diaphragm action potentials ceased in 20 seconds and the phrenic discharges stopped 37 seconds later.
The cat differs markedly from the rabbit in that bronchoconstriction is severe in anticholinesterase poisoning. With large doses, the bronchoconstriction can be sufficient to stop air intake completely although powerful inspiratory efforts continue. The respiratory efforts then suddenly cease, although in some cases, with the lower doses, air intake was quite good. It might be thought that this cessation of effort is due to asphyxia since cardiac output is reduced and the blood pressure lowered, but in the majo#ity of cases at least, the rapid failure of inspiratory effort suggests that the inhibition of the respiratory centre is again the final cause of respiratory failure. Douglas and Matthews (1952) state that in the cat poisoned with TEPP, neuromuscular block is the most important cause of death besides the central inhibition; they studied the neuromuscular block at the diaphragm in considerable detail. In my experience, neuromuscular block at the diaphragm is not an important factor in poisoning with any of the anticholinesterases, DFP, E600, Sarin, Tabun or TEPP. This was shown by experiments in which both phrenic nerves were cut at least five minutes before the injection of TEPP 300 /Ag./kg., so that the diaphragm was completely flaccid. Air intake was apparently quite satisfactory with the chest muscles alone, and after the injection the inspiratory efforts continued showing marked bronchoconstriction as in the intact animal. Even though the chest muscles were more active than normally, there was clearly no significant amount of neuromuscular block since large intrapleural pressure differences were developed.
The monkey differs from both the rabbit and the cat in that neither neuromuscular block nor bronchoconstriction seems to occur to any significant extent in lethal anticholinesterase poisoning. The failure of respiration is due entirely to the central action of the drug. The course of respiratory failure has already been referred to and the effects of a just sublethal injection of Sarin (20 ,pg/kg. i.v.) are as follows: the inspirations are gradually reduced and cease altogether, to be followed by a period of forced expirations. These again cease and the succeeding apncea is eventually broken by deep gasps which pass off into normal respiration. With a larger dose, the period of apncea continued and the heart ceased. That the failure of inspiration after Sarin 30 pg./kg. is due entirely to a central action of the anticholinesterase has been shown graphically by plotting against time the number of impulses per inspiration in a single fibre of the upper root of the phrenic nerve of a monkey and the tidal air measured from the kymograph record. The two curves are very closely parallel. Of several enzymes tested in vitro, esterases, especially cholinesterase (ChE), are the most sensitive to these poisons. Both true and pseudo ChE are about equally affected by Tabun and Sarin, whereas true ChE is comparatively insensitive to DFP. True ChE is highly correlated with the function of the nervous system, and is found also in erythrocytes. Pseudo ChE, found in human serum, has no known physiological function.
All workers except Nachmansohn et al. (1947) are agreed that the inhibitioil of ChE by these poisons cannot be reversed by any known means. Nachmansohn claimed to have demonstrated a parallelism between nerve conduction and ChE activity. Both were inhibited by DFP, both could be restored by washing. The longer the exposure to DFP before washing the less the restoration, until finally there was no restoration at all. Aldridge (1950) demonstrated that Nachmansohn's experiments were wrongly interpreted, and that the reversal of inhibition of ChE was not measurable. The implication seems to be that DFP has actions not connected with inhibition of ChE.
In vivo studies by various people, e.g. Grob et al. (1947) , show that a large number of blood and urine constituents are not affected by DFP. However, Davies and Douglas (1949) showed that during convulsions induced by Sarin, the blood sugar of goats rose sharply, probably secondary to the accompanying anoxia.
No enzymes other than ChE have been studied in vivo. A mass of conflicting data on the value of blood ChE's in assessing toxicity may be summarized by saying that the plasma ChE is useless, the erythrocyte ChE is of Questionable value in assessing toxicity, although it may be useful as an index that poison has been encountered, and as a guide to the progress of recovery. The best index of toxicity appears to be brain ChE, which is, of course, not available for a large number of experiments.
Relationship between erythrocyte ChE and symptomatology depends to a large extent on the route and rate of administration. Unprotected men exposed to the vapour of DFP or Sarin, we find, can suffer extreme harassment without perceptible change in ChE. Masked men exposed to skin contamination can lose up to 85% of ChE before beginning to exhibit symptoms. Comparatively large oral or intravenous doses produce symptoms with little inhibition of ChE, whereas repeated small doses can produce a considerable fall in ChE without symptoms. Nevertheless, under such conditions animals appear to be unusually sensitive, since Muir and Callaway (1952) have found a significant lowering of the LD50 of Sarin.
Recovery of blood and tissue ChE's is slow, and in the blood seems to be due to synthesis of fresh enzyme. The start of recovery of erythrocyte ChE is delayed for a day or two, in contrast to other tissues studied.
Therapy.-There have been two general lines of study, neutralizing the effect of accumulated acetylcholine, and the prevention of ChE inhibition. It is well known that atropine can often promptly reverse muscarinic symptoms. This is probably not due to reversal of inhibition of ChE, especially since atropine in therapeutic doses is completely without effect on ChE. This action of atropine suggests that these poisons have actions not connected with inhibition of ChE. The prevention of ChE inhibition appears to be the mechanism involved in Koster's (1946) finding that prophylaxis with eserine raised the LD50 of DFP. However, this measure was completely useless as therapy, because eserine after DFP had a cumulative effect. Mr. A. Todrick and I thought that we might be able to find some simple chemical, resembling the active centre of ChE, which would be non-toxic, and yet able to combine with Sarin fast enough to protect against that inhibitor. We found, briefly, that 3,4 dihydroxyphenylalanine (DOPA) and other o-dihydroxybenzene derivatives were able to protect both true and pseudo ChE's against, not only Sarin, but also against Tabun and Soman, and, to a lesser extent, DFP. A direct DOPA-Sarin reaction seemed to be involved, but we had tentative reasons for supposing that the active centre of ChE was not phenolic. DOPA could not reverse inhibition by Sarin. The protective effect disappeared on dilution to a degree which was still therapeutically impracticable, so we thought that DOPA might be the precursor of a more active substance. A study of the products of enzymic and non-enzymic oxidation of DOPA failed to reveal any such. The Chronic Effects of Anticholinesterase Poisoning Bidstrup and Hunter (1952) reported 2 cases of poisoning with NN' diisopropyl phosphorodiamidic fluoride (Mipafox) which exhibited an unexpected symptomatic picture. 3 people developed acute poisoning while engaged on a pilot plant manufacture of this substance. Recovery from acute phase of the illness followed the administration of atropine in large doses but in the three weeks after the onset of symptoms, 2 of the patients developed paralysis of the limbs similar to that which follows triorthocresol phosphate poisoning. Petry (1951) has described similar effects after poisoning with parathion. Paralysis in man following intoxication with TOCP has been described frequently. Thus Lorot (1899) reported a number of cases of motor neuritis in tuberculous patients after treatment with "phosphocreosote". During prohibition in the United States TOCP was used as an adulterant of Jamaica Ginger, a non-alcoholic drink which was popular during this period. As a result, several hundred cases of paralysis occurred (Smith, Elvove and Frazier, 1930). Ter Braak (1931) and Sampson (1938) reported several other cases from the continent of Europe.
At the present time TOCP is used as a "plasticizer" and in 1944 Hunter, Perry and Evans described cases in this industry.
The appearance of these effects as sequele of poisoning with the new organo-phosphorus insecticides has resulted in a series of researches which have been designed to determine mechanisms by which paralysis is caused by these substances.
Three substances TOCP, DFP (diisopropyl phosphorofluoridate) and Mipafox will produce par,l ais in chickens (Barnes and Denz, 1953; Earl and Thompson, 1952; David, 1951) . Koelle, Gilrnan and Binzer (1946) administered DFP over a long period to cats and dogs with similar results. Previously Bloch (1941) and Hottinger and Bloch (1943) attempted to explain these effects in terms of the anticholinesterase properties of TOCP. They suggested that the inhibition of cholinesterase resulted in the production of excessive concentrations of acetylcholine at the nerve endings and that paralysis resulted from prolonged contact of the nerve with these high concentrations of acetylcholine.
More recently the effects of TOCP upon a number of widely different enzyme systems have been studied by Earl, Thompson and Webster (1953) . They examined glucose and pyruvate oxidation by brain, trypsin, brain amine oxidase, pancreatic lecithinase and brain cephalinase. They found all these systems to be insensitive to this compound.
The tributyrinase activity of the spinal cord of hens poisoned with TOCP was found to be moderately reduced but in every experiment the pseudo-cholinesterase of the spinal cord has been inhibited to a greater degree.
Both DFP and Mipafox in company with TOCP are selective inhibitors of the pseudo-esterase. Thus all the available evidence suggested that demyelination might well be a consequence of anti-pseudo-cholinesterase action. Earl and Thompson (1952) , in discussing these results, tentatively put forward the thesis that demyelination may result from the inhibition and continued depression of the pseudo-esterase of the spinal cord. Inasmuch as these authors had at that time worked only with TOCP it was desirable to examine this hypothesis further. We have therefore examined the possible demyelinating effects of the four powerful anticholinesterases mentioned in the previous paper, viz. DFP, Tabun, Sarin and Soman.
We set out to answer two questions: (1) Would all of these four substances produce demyelination in chickens and (2) could the cholinesterase changes be related to the ability of these to produce paralysis.
Chickens were injected subcutaneously with large doses of these substances. Since the doses were within the lethal range it was necessary to protect the birds with atropine.
The DFP-treated birds all developed chronic symptoms in ten to sixteen days. The course of development of symptoms was identical in every case. Immediately after dosing each bird exhibited the now familiar and typical symptoms of acute acetylcholine poisoning. These lasted for twenty-four to forty-eight hours. There was then a symptom-free period of about ten days. They then showed signs of weakness. The subsequent clinical picture was identical with that described by Earl and Thompson following TOCP intoxication and by Barnes and Denz after Mipafox and DFP. They appeared quite normal in the cage, but when let out they 'walked unsteadily. On the following day they could be seen sitting on their heels in the cage; when released, they first behaved as on the previous day, but after a few minutes were unable to lift their heels from the ground. A few days later, the legs became completely useless and the birds sat with their legs outstretched unable to move. Apart from the paralysis the birds appeared to be completely healthy. After about a week of this state, however, they lost weight rapidly and a little later many of them showed cyanosis of the combs and gaping of the beak. At this stage many of them died, probably from inanition resulting from their inability to collect the food placed for them.
Histological examinations of the tissues showed demyelination of both the ascending and descending tracts of the central nervous system. No such changes, clinical or histological, were observed with Tabun, Sarin or Soman, despite heroic and prolonged dosing.
Thus in the case of Sarin doses were given twice weekly over a period of five weeks. Despite this long period of dosing, there was no clinical evidence of paralysis nor did histological examination produce evidence of nerve damage, although a number of these birds were under observation for as long as three months.
In order to compare the changes in the cholinesterases of the central nervous system, two groups, of about twenty-five birds each, were injected subcutaneously with DFP and Sarin. Since the doses used were within the lethal range each bird was protected with an appropriate dose of atropine sulphate; The birds were sacrificed in pairs from each group, at varying intervals over a period of three weeks. The first pair were killed two hours after injection. The brain and spinal cord were removed and homogenized. The enzyme assays were carried out in the Warburg and acetyl-/3-methylcholine and butyryl choline were used to measure the true and pseudo-cholinesterases respectively.
(1) The true and pseudo-cholinesterases of the brain were inhibited equally by both DFP and Sarin. The rate of recovery of both enzymes was the same in each group.
(2) In the spinal cord DFP produced a slightly greater inhibition of the true enzyme than did Sarin. Otherwise there was no marked difference in the two groups. In the case of the pseudocholinesterase, however, Sarin produced only about 40-50% inhibition, whilst DFP caused almost complete inactivation of the enzyme. The rate of recovery after both inhibitors was very similar, but since it was inhibited to a much greater extent, the pseudo-esterase remained depressed at a significantly lower level and longer time after DFP. Since the hypothesis which these experiments was meant to test suggested that demyelination might result from the inhibition and the continued depression of the pseudo-cholinesterase, this difference with DFP as compared with Sarin was felt to be important.
A second experiment was therefore designed in which the method of administration of Sarin ensured that the same degree of inhibition resulted with Sarin and DFP. Furthermore, small additional doses of Sarin were given daily to ensure that the level of the spinal cord pseudocholinesterase was maintained at levels below that of the DFP groups. There were still no signs of paralysis or demyelination in the Sarin-treated group.
The conclusions that may be made from these investigations are quite clear cut. First: We have been able to produce demyelination with only one out of four potent anticholinesterases which we have given to chickens, under comparable conditions. Second: In a carefully designed experiment in which the cholinesterases change in the central nervous system of two groups of birds, one which received a demyelinating agent and the other a non-demyelinating agent, were compared, no differences were observed which could account for the pathological effects.
From this, we think that it is extremely unlikely that demyelination is the direct result of either true or pseudo-cholinesterase inhibition. These conclusions are in full agreement with the findings of Barnes and Denz (1953) and also those of Davison (1953) . These workers studied six organo-phosphorus compounds. They showed that with three of them, DFP, Mipafox and TOCP, they could produce demyelination in chickens regularly and in rats, dogs and cats occasionally. They were not able to do so with any of the other three. Davison showed very clearly that there were no distinguishing cholinesterase changes in the two groups.
Thompson in later experiments has also confirmed these conclusions, for he investigated a very highly selective inhibitor of pseudo-cholinesterase, NN' isopropyl phosphorodiamidic anhydride or DPDA ("iso OMPA"), without producing paralysis or demyelination.
Conclusion.-Some organo-phosphorus compounds can produce demyelination, others do not. Species, notably the chicken, and to a lesser extent the tat and dog, are more susceptible to the chronic action of these substances than others. The site of the lesion which is essentially a motor neurone lesion is, in general, to be found in the ascending and descending tracts. Its position, however, varies with the species.
Because we have no real clue as to the precise mechanism by which these substances cause paralysis it is impossible to prophesy whether a given substance will, in fact, act in this manner. The extensive use of organo-phosphorus compounds in agriculture and the continued development of new agents to this end emphasize the need for research upon the mode of action of these organo-phosphorus demyelinating agents.
